Brain-derived neurotrophic factor (BDNF) is critical for establishing activity-related neural plasticity. There is increasing interest in the mechanisms of active avoidance and its extinction, but little is known about the role of BDNF in these processes. Using the platform-mediated avoidance task combined with local infusions of an antibody against BDNF, we show that blocking BDNF in either prelimbic (PL) or infralimbic (IL) medial prefrontal cortex during extinction training impairs subsequent recall of extinction of avoidance, differing from extinction of conditioned freezing. By combining retrograde tracers with BDNF immunohistochemistry, we show that extinction of avoidance increases BDNF expression in ventral hippocampal (vHPC) neurons, but not amygdala neurons, projecting to PL and IL. Using the CRISPR/Cas9 system, we further show that reducing BDNF production in vHPC neurons impairs recall of avoidance extinction. Thus, the vHPC may mediate behavioral flexibility in avoidance by driving extinctionrelated plasticity via BDNFergic projections to both PL and IL. These findings add to the growing body of knowledge implicating the hippocampal-prefrontal pathway in anxiety-related disorders and extinction-based therapies.
INTRODUCTION
There has been much interest in the neural mechanisms of extinction of conditioned fear. Fear extinction is thought to underlie exposure therapies for the treatment of anxiety-related disorders, and is deficient in post-traumatic stress disorder [1] [2] [3] . Extinction of freezing requires IL, basolateral amygdala (BLA), and vHPC [4] [5] [6] [7] [8] . Brain-derived neurotrophic factor (BDNF) is a key mediator of extinction-related neural plasticity. Pharmacological enhancement of BDNF signaling facilitates extinction of freezing [9] and impaired BDNF signaling is associated with deficient fear extinction and deficient response to extinction-based therapies [10, 11] . BDNF has been shown to be necessary for extinction of freezing in the amygdala [12] , hippocampus [13] , and infralimbic (IL), but not in the prelimbic (PL), prefrontal cortex [14] . Furthermore, extinction training increases the expression of BDNF in ventral hippocampal and basal amygdalar neurons [12, 14] .
People suffering from PTSD repeatedly avoid stimuli associated with their traumatic experience. Persistent avoidance is considered a debilitating symptom of PTSD and other anxiety-related disorders because it interferes with attainment of goals, and reduces the opportunities for extinction [15] [16] [17] . Thus, circuits mediating extinction of active avoidance may also be compromised in PTSD. Similar to extinction of conditioned freezing, pharmacological inactivation of IL impairs extinction of platformmediated avoidance [18] ; however, conditioned fear and avoidance responses do not fully overlap. Avoidance learning reduces conditioned freezing [19] , and avoidance responses can occur in the absence of freezing [20] . Furthermore, avoidance is mediated by inhibitory activity in PL whereas conditioned freezing is mediated by excitatory activity in PL [21, 22] . Moreover, circuits mediating expression of freezing vs. avoidance show some differences [18, 23, 24] . It is therefore an open question as to whether extinction of active avoidance depends on BDNFergic circuits. For this study, we characterized the role of BDNF in extinction of active avoidance using anti-body infusions, immunohistochemistry, and the CRISPR/Cas9 system to target BDNF expression.
MATERIALS AND METHODS

Subjects
A total of 127 male Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were housed and handled as previously described [25, 26] . Briefly, rats were restricted to 18 g/day of standard laboratory rat chow, and trained to press a bar for food on a variable interval schedule of reinforcement (VI-30 s). All procedures were approved by the University of Puerto Rico School of Medicine Animal Care and Use Committee, in compliance with the National Institutes of Health guidelines for the care of laboratory animals.
Surgery
Following bar-press training, rats were anesthetized under isoflurane anesthesia and 26-gauge guide bilateral cannulas (Plastics One, Roanoke, VA) were implanted at the infralimbic cortex (IL, coordinates: +2.8 AP; ±3.1 ML; −3.8 DV; angled at 30 [ 27] ) or the prelimbic cortex (PL, coordinates: +2.8 AP; ±0.6 ML; −2.6 DV); For retrograde labeling experiments, the retrograde tracer cholera toxin subunit B conjugated to Alexa Fluor-555 (CTB; Life Technologies Corporation, Carslbad, CA) was injected into either IL or PL using the following coordinates relative to Bregma: +2.8 AP; ±0.6 ML; −4.0 DV or +2.8 AP; ±0.6 ML; −2.6 DV respectively. A 0.5 µl Hamilton syringe was used to inject a volume of 0.1 µl of CTB at a rate of 0.01 µl per minute across 10 min for IL or 0.2 µl of CTB at a rate of 0.02 µl per minute across 10 min for PL.
For the CRISPR/Cas9 experiments, lentiviri at a concentration of 10 9 particles/mL co-expressing GFP and the CRISPR/Cas9 system targeting the bdnf gene or expressing a non-targeting sequence (obtained from Sigma-Aldrich) were injected intracranially. Our surgery method was adapted from a previous study [28] . A 2.5 μL Hamilton syringe which was coated with 1% BSA before virus loading. The animals received a set of 2 pairs of bilateral injections targeting the vHPC at the following coordinates: −4.7 AP; ±5.0 ML; −7.5 DV and −5.2 AP; ±5.3 ML; −7.5 DV. The syringe was left to rest in the brain for 2 min before injecting 2 μl of virus per injection site (0.2 μl/min across 10 min) using a motorized stereotaxic injector (Stoelting, Wood Dale, IL). Following injections, the needle was left in place for 10 min before suturing the skin. Animals were allowed to recover for at least 7 days following surgery.
Behavior
Conditioning and extinction of platform-mediated avoidance was performed as previously described [18] . Throughout all the behavioral sessions, food pellets were available in the conditioning chambers and delivered at a VI-30 reward schedule during all instances. Bars in the floor delivered a scrambled electric footshock (Coulbourn Instruments, Allentown, PA). In the quadrant opposite of the lever, there was a plexiglass escape platform. For conditioning, rats were presented with 9 presentations of a pure tone (30 s, 4 kHz, 75 dB; 3 min intertrial interval) co-terminating with a shock delivered through the floor grids (2 s, 0.4 mA), across 10 days. On Day 11, rats were infused with anti-BDNF into either IL or PL and placed into the conditioning chambers for extinction training consisting of 15 tone presentations in the absence of foot shocks. In the platform task, rats are continually drawn to the food-bar opposite to the platform, to receive food pellets. Even when on the platform, rats periodically test the grid with their paws for the presence of shock. Sheep anti-BDNF antibody dissolved in physiologic saline (EMD Millipore, Billerica, MA) was administered at a dose of 0.5 µg/0.5 µl per side [29] . On Days 12 and 13, rats were returned to the chambers for additional extinction trials. For the immunocytochemistry experiments, rats were sacrificed 2 h following the last behavioral session and processed for immunohistochemistry. For the CRISPR/Cas9 experiments, rats were either sacrificed and processed for western blots to measure BDNF levels 2 h after the extinction session or returned to the chambers for the next 2 days for additional extinction sessions.
Histology
After behavioral experiments, rats were deeply anesthetized with sodium pentobarbital (450 mg/kg i.p.) and transcardially perfused with 0.9% saline followed by 10% buffered formaldehyde. For cryoprotection, brains were removed and stored in a 30% sucrose/ 10% formaldehyde solution for at least 48 h before sectioning. Coronal sections were cut 40 µm thick, mounted on slides, and stained for Nissl bodies.
Immunohistochemistry
Our immunohistochemical procedure for BDNF and NeuN followed our previous study [14] , blocking with 10% NGS for 1.5 h and incubating with primary antibody at 1:100 dilution. To visualize expression of our CRISPR/Cas9 system we conducted immunohistochemistry against GFP with mouse anti-GFP antibody (1:800; ab1218, Abcam, Cambridge, MA) as primary antibody, and anti-mouse fluorescent secondary antibody (1:500, Alexa Fluor 546, Life Technologies Corporation, Carslbad, CA). Immunohistochemistry images were obtained using a microscope (Model BX51, Olympus, Tokyo, Japan) at 20x magnification coupled to a fluorescent lamp (X-Cite Series 120Q, Ontario, Canada) and a digital camera (Model DP72, Olympus, Tokyo, Japan). Images were generated for PL, IL, vHPC, basal nucleus of the amygdala (BA), and mediodorsal thalamus (MD) using appropriate filter sets for Alexa 488, Alexa 555, and Alexa 594. Images were processed in semi-automated fashion using commercial software (Metamorph version 6.1; Molecular Devices, Sunnyvale, CA) as previously described [30] 
Lentiviral vectors and CRISPR/Cas9
Lentiviral vectors at a concentration of 10 9 particles/mL expressing the CRISPR/Cas 9 system were obtained from Sigma-Aldrich. Vectors co-expressed the Puro antibiotic resistance element, Cas9 enzyme, and GFP under control of tEF1a promoter, and the custom gRNA sequence (guide RNA sequence) under control of the U6 promoter. The custom gRNA sequence (RatBDNF 0_18 _CGG) targeting bdnf expressed by the vector is CGGCTATGGT TATTTCATACTTCGG. Non-target control vectors expressed exactly the same elements previously mentioned with the exception that the gRNA sequence expressed a targeting sequence against a non-existing element (non-target) within the rat genome, and was therefore unable to initiate the knockout process. The custom non-target sequence expressed by the vector is GAGTCCGAGCAGAAGAAGAA.
Cell culture Rat neuroblastoma B35 cells (ATCC® CRL-2754™; Manassas, VA) were cultured in 6-well plates at a density of 5 × 10 5 cells/well and transduced with 3.33 × 10 6 TU/mL in polybrene-containing media (8 µg/mL). Transduced cells were selected in culture with puromycin (1.5 µg/mL). Puromycin concentration was selected from a kill curve (0.5-10 µg/mL puromycin), measuring cell viability by MTT (Sigma-Aldrich; St. Louis, MO) assay after 9 days of treatment. Cells cultured in polybrene-containing media (as vehicle) and untreated cells were used as negative controls and puromycin selection indicators. At day 6, cells were lysed in RIPA buffer (Abcam; Cambridge, UK) with protease inhibitor cocktail (Sigma-Aldrich; St. Louis, MO) for total protein measurement and western blotting.
We performed a bicinchoninic acid (BCA) assay (Pierce, Thermo Scientific; Waltham, MA and Bio-Rad; Hercules, CA) to determine the total protein concentration in B35 lysates. For the SDS Page, 30 µg of each sample was reduced and denatured in Laemli buffer/5% β-mercaptoethanol, heated at 70°C for 10 min and then loaded onto a 4-20% tris/glycine (TGX; Bio-Rad) gel. The running was conducted at 150 V for 60 min. The proteins were transferred to a polyvinylidene fluoride (PVDF) membrane and blocked with 5% bovine serum albumin (BSA) in tween tris buffered saline (TTBS). Primary antibodies: polyclonal sheep anti-BDNF (1:500) and mouse monoclonal anti-GAPDH (1:500) were incubated at 4°C overnight diluted in 5% BSA/TTBS. After three washes with TTBS, the membranes were incubated with HRP-conjugated secondary antibodies: donkey anti-sheep or goat anti-mouse (1:15,000) for 1 h at room temperature. The bands corresponding to each protein were detected in a Gel Doc™ XR+ (Bio-Rad; Hercules, CA) instrument using chemiluminescence SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific) and Image Lab™ software (Bio-Rad) for acquisition of pictures and band volume densitometry analysis. Volumes of each band were calculated and normalized against the loading control GAPDH on each sample. Experiment was performed in duplicate.
Prefrontal and hippocampal tissue for western blots Rats were deeply anesthetized with sodium pentobarbital (450 mg/Kg i.p.) 2 h after concluding the corresponding experiment. Ventromedial prefrontal cortex (vmPFC) and vHPC was dissected bilaterally, frozen, and homogenized using lysis buffer. Protein in brain lysates was measured by BCA assay. For each sample, 50 µg of total protein was reduced and denatured in Laemli Buffer with 5% 2-mercaptoethanol, heated for 5 min at 95°C, and loaded into a TGX 4-20% gel (Bio-Rad). After SDS Page at 150 V for 1 h, proteins were transferred to a PVDF membrane in a Trans Turbo Blot equipment (Bio-Rad). The membrane was blocked for 1 h in 5% bovine serum albumin (BSA) at room temperature. Primary antibodies were diluted in 1% BSA and incubated overnight at 4°C in the following concentrations: Rabbit monoclonal anti-BDNF (Abcam ab108319; 1:500), rabbit monoclonal anti-phospho-TrkB (Boster P01388), mouse monoclonal anti-GAPDH (Santa Cruz Biotechnology #365062; 1:500), and mouse monoclonal anti-GFP (Abcam ab1218; 1:500). Secondary antibodies used were HRP-conjugated goat anti-mouse and antirabbit, at 1:15,000 dilution in blocking buffer (Sigma-Aldrich). Membranes were developed with chemiluminescence in a Gel Doc™ XR+ equipment (Bio-Rad). Picture acquisition and volume intensity densitometry analyses were performed using Image Lab™ software (Bio-Rad).
Data analysis
Behavior was recorded with digital video cameras and quantified using commercial software (AnyMaze, Stoelting Co., Wood Dale, IL). Trials were averaged in blocks of two and subjected to repeated-measures analysis of variance (ANOVA), followed by Tukey's post hoc comparisons as appropriate (STATISTICA; Statsoft, Tulsa, OK).
RESULTS
Blocking BDNF in IL or PL delays recall of avoidance extinction
We previously observed that BDNF signaling in the IL (but not PL) was necessary for extinction of conditioned freezing [14] . Therefore, we first assessed if BDNF signaling in IL is necessary for the extinction of platform-mediated avoidance. Rats were trained for 10 days in platform-mediated avoidance (Fig. 1a) . 20-40 min prior to extinction training (Day 11), we infused BDNF neutralizing antibodies (anti-BDNF) into IL to sequester extracellular BDNF, thereby preventing BDNF signaling [29, 31, 32] . As shown in Fig. 1b , anti-BDNF did not alter expression of avoidance, nor did it alter within-session extinction. Anti-BDNF infusions also did not alter locomotion (as bar-press activity) during the pretone period (S1A) or freezing to the tone ( Figure S1B ). The following day (Day 12), however, anti-BDNF infused rats showed elevated avoidance, as evidenced by a significant interaction in percent time spent on the platform (F (6,23) = 2.93, p = 0.010, η 2 = 0.113). Post-hoc analysis revealed a significant effect in the first block of avoidance (p < 0.01). The following day (Day 13), there were no group differences. The effect of BDNF was specific to avoidance: there were no effects on freezing on Day 12 (S1B, Day 11-13, all p's > 0.51). Furthermore, the effect on recall of extinction of avoidance was short-lived and seen only during the first extinction block. These results suggest that blocking BDNF signaling in IL during extinction training delays recall of extinction, but not its initial learning. The lack of effect on freezing by anti-BDNF differs from prior results with extinction of conditioned freezing [14] .
We next applied the same manipulation to PL (Fig. 1c) . As with IL, infusion of anti-BDNF had no effect on within-session extinction (Day 11), avoidance or freezing to the tone ( Fig. 1c and S1B ), or bar pressing activity during the pretone period (S1A). However, on Day 12, anti-BDNF infused rats showed delayed recall of extinction, as evidenced by a significant treatment x trial interaction in percent time spent on the platform (F (6,26) = 2.53, p = 0.023, η 2 = 0.089). Post-hoc analysis revealed a significant increase in the first block of avoidance (p < 0.01). On Day 13, there was no difference in the %time spent on the platform during the tone (Fig. 1c) , nor were there any significant differences in freezing during the extinction sessions (S1B, all p's > 0.19). Thus, similar to IL, blocking BDNF signaling in PL delays the recall of extinction of avoidance. This contrasts with extinction of conditioned freezing, in which neither BDNF signaling [14] nor activity in PL [7] are required.
Extinction of avoidance increases BDNF expression in the vHPC, but not in the basal amygdala The results above suggest that BDNF released into IL and PL is necessary for extinction of avoidance. There are various potential BDNFergic inputs to the prefrontal cortex, including the vHPC, BA, MD, and/or IL and PL themselves. Therefore, we sought to identify the areas that exhibit extinction-induced increases in neuronal BDNF expression. Following avoidance conditioning, rats were exposed to either 20 extinction tones (Extinction group) or 2 Both groups remained in the test chambers for 71 min with access to food on a VI-30 reward schedule. Following the extinction session, animals were placed in their home cages for an additional 2 h before being sacrificed for immunohistochemistry [14] . Neuronal BDNF was assessed for each structure by measuring the percent overlap between BDNF expression and the neuronal marker NeuN (Fig. 2b [14, 33] ).
As shown in Fig. 2c , there were no differences in BDNF levels between Extinction and No Extinction groups in IL, PL, or BA (all p's > 0.831). However, extinction training increased neuronal BDNF in the vHPC (t(11) = 3.640, p = 0.039, Cohen's D = 2.182) and MD (t(11) = 2.215, p = 0.049, Cohen's D = 1.297). Thus, similar to extinction of conditioned freezing [14] , extinction of avoidance increases BDNF colocalization with NeuN in vHPC, but not of IL or PL. In contrast to extinction of freezing [14] , avoidance extinction failed to increase BDNF colocalization in the BA. No extinction controls exhibited virtually no avoidance behavior in the absence of tones (Supplementary Figure 2) , ruling out extinction of contextual cues associated with avoidance.
We observed that infusing anti-BDNF into IL or PL delayed recall of extinction, however, extinction did not increase the number of BDNF expressing cells in IL or PL. This could indicate that extinction caused release of BDNF from inputs to prefrontal cortex, rather than release from local neurons. Consistent with this hypothesis, Western Blot analysis (Fig. 2d) showed that avoidance extinction increased both BDNF and phosphorylated BDNF receptor (pTrkB) levels in vmPFC (t(8) = 3.378, p < 0.001, Cohen's D = 4.719 and (t(8) = 2.479, p = 0.0382, Cohen's D = 1.596 respectively), whereas only BDNF levels were increased in vHPC (t(8) = 
s t-test between Extinction and No Extinction groups (Extinction n = 8; No Extinctions n = 5). d Red dashed lines represent dissected vmPFC region for Western Blot analysis (Upper left). Quantification of total BDNF levels and pTrkB levels respectively in vmPFC as normalized to GAPDH levels (Volume (INT/GAPDH INT)) in vmPFC between Extinction and No Extinction groups (Lower left). Red dashed lines represent dissected vHPC region (Upper right). Quantification of total BDNF levels and pTrkB levels respectively in vHPC as normalized to GAPDH levels (Volume (INT/GAPDH INT)) in vHPC between Extinction and No Extinction groups (Lower right). Unpaired Student's t-test between Extinction and No Extinction groups (Extinction n = 4; No
Extinctions n = 6). ** p < 0.01. * p < 0.05 2.601, p = 0.032, Cohen's D = 1.492). The observed increase in vmPFC BDNF levels with Western Blots, but not immunohistochemistry, suggests that the extinction-related BDNF in vmPFC resides within terminals or extracellular space. The increase in pTrkB in vmPFC further supports synaptic release of BDNF in vmPFC from vHPC inputs in extinction of avoidance.
Avoidance extinction increases BDNF expression in vHPC neurons projecting to IL and PL We next investigated whether neurons expressing extinctionrelated BDNF in vHPC and MD project to PL or IL, by combining immunohistochemistry with retrograde tracers injected into either IL or PL (Fig. 3a) . Rats injected with the retrograde tracer Alexa 555 conjugated to cholera subunit B (CTB) were trained in avoidance (10 days). On Day 11, rats were exposed to either 20 extinction tones (Extinction group) or 2 extinction tones (No Extinction group) in a single session. Both groups remained in the test chambers for 71 min with access to food pellets delivered on a VI-30 reward schedule. Following extinction training, rats were returned to their home cages and sacrificed 2 h later for immunohistochemistry. For each structure, we measured the percentage of overlap of expression of BDNF and CTB [34] . Examples of double-labeled neurons in vHPC and MD are shown in Fig. 3b .
As shown in Fig. 3c , extinction augmented the proportion of BDNF expressing neurons projecting to IL in vHPC (t (8) Reducing BDNF production in vHPC neurons impairs extinction of avoidance Our results are consistent with the idea that the release of BDNF from vHPC inputs to IL and PL is necessary for extinction of avoidance. However, because this link is correlative, it's still possible that extinction-related BDNF originates in other structures. Therefore, to determine the necessity of BDNF in vHPC, we attempted to reduce BDNF production in vHPC by infusing a lentivirus expressing the CRISPR/Cas9 system [35] targeting the bdnf gene (RatBDNF_0_18_CGG, obtained from Sigma-Aldrich). The CRISPR/Cas9 system introduces double strand breaks in the gene of interest. The attempted repair by the error prone nonhomologous end-joining pathway leads to the introduction of errors that prevent transcription, effectively knocking out the gene [35] . Because this technique had never been used for behavioral studies of BDNF, we first tested the system in neuroblastoma cells to confirm that CRISPR/Cas9 could reduce BDNF production.
Because BDNF is cleaved from its precursor proBDNF, knocking out bdnf will result in the loss of both proBDNF and BDNF. Accordingly, we observed that the CRISPR/Cas9 system reduced BDNF production in neuroblastoma cells, as confirmed by the reduction in proBDNF and BDNF bands in western blots (Fig. 4a) .
We next tested if targeting the bdnf gene in the vHPC in vivo reduces extinction levels of BDNF. Rats were conditioned for 10 days, and on Day 11 were infused in vHPC with lentiviri expressing the CRISPR/Cas9 system targeting bdnf (Fig. 4b) . This was followed by 14 days of recovery to (1) fully express the virus, (2) knockdown bdnf, and (3) allow for degradation of already existing BDNF. On Day 25, rats were presented with 20 extinction tones (Fig. 4c) . Extinction was somewhat slower in rats with bdnf knockdown, but this difference was not statistically significant (F (1,12) = 2.23, p = 0.161, η 2 = 0.157). 2 h after training, vHPC was dissected and prepared for western blots. CRISPR/ Cas9 significantly reduced BDNF expression in the vHPC (Fig. 4d) (t(4) = 2.891, p = 0.014, Cohen's D = 1.642). In a separate set of animals, we determined whether knocking down BDNF in the vHPC would impair extinction of avoidance. Fig. 4e (left) shows the extent of lentiviral expression in the ventral hippocampus as indicated by expression of GFP. As shown in Fig. 4f , rats with bdnf Fig. 4 Reducing BDNF production in vHPC neurons impairs extinction of avoidance. a Western blot showing bands for proBDNF (32 kDa), BDNF (14 kDa), and GAPDH (37 kDa) of neuroblastoma cells belonging to non-target control and bdnf knockdown group. b Schematic of experimental design for the use of CRISPR/Cas9 system to determine if BDNF production is necessary for extinction of avoidance. c Extinction training for the group with CRISPR/Cas9 system targeting the bdnf gene (bdnf knockdown) and non-target controls (bdnf knockdown, n = 6; non-target controls, n = 8) following injection of lentiviri expressing the CRISPR/Cas9 system (arrow). 2 h following the extinction session, hippocampi were extracted for western blots. d Left: Sample western blot showing bands for proBDNF (32 kDa), BDNF (14 kDa), and GAPDH (37 kDa) of hippocampi belonging to non-target control and bdnf knockdown rats. Right: Quantification of total BDNF levels normalized to GAPDH levels (Volume (total BDNF INT/GAPDH INT)) in non-target controls and bdnf knockdown (non-target controls, n = 8; bdnf knockdown, n = 6). e Micrograph and coronal drawing showing the minimum (dark orange) and maximum (light orange) spread of lentivirus expression in vHPC as revealed by GFP. f Reducing BDNF production with the CRISPR/Cas9 system prior to extinction of avoidance impaired recall of extinction the following day (Day 26; non-targeting n = 11; bdnf targeting n = 12). Inset: Freezing to the first 2 extinction tones on Day 26. Unpaired Student's t-test or repeated-measures ANOVA followed by Tukey post hoc test. Data are shown as mean ± SEM in blocks of two trials. *p < 0.05, treatment group knockdown showed a significant difference in within-session extinction of avoidance on day 25 (main effect of group, F (1,21) = 4.44, p = 0.047, η 2 = 0.174). The following day, rats with bdnf knockdown showed significantly higher avoidance during recall (day 26, F (1,21) = 6.41, p = 0.019, η 2 = 0.234). Post-hoc analysis on day 26 revealed a significant effect in the first and fourth blocks of avoidance (p < 0.05). This effect was specific to avoidance, as we did not observe any effect on freezing (Fig. 4f inset) . Altogether, our findings suggest that BDNF released by vHPC into both PL and IL is required for the extinction of avoidance.
DISCUSSION
In the present study, we demonstrated that recall of extinction of platform-mediated avoidance relies on BDNF in both IL and PL subdivisions of the medial prefrontal cortex. We also showed that extinction of avoidance increases BDNF expression in vHPC and MD neurons, but not in BA neurons, and this increase was observed in vHPC neurons projecting to IL and PL. Moreover, we showed that interfering with BDNF production within the vHPC impairs the extinction of avoidance.
BDNF packaging and trafficking is a highly regulated process. BDNF is stored at dense core vesicles at synaptic terminals [36, 37] ready to be released into the synapse by high frequency firing. The BDNF increases we observed may be required to replenish terminal BDNF supply following release. BDNF is transported at an average rate of 1.18 µm/s [38] , which is sufficiently fast to transport BDNF from vHPC to vmPFC within the 2 hour time period we analyzed. BDNF activates TrkB receptors which in turn activate molecular processes required for plasticity [32, 39, 40] . Consistent with the idea of increased BDNF release from terminals in vmPFC, we observed extinction-induced activation of the TrkB receptor in vmPFC, but not in vHPC.
Our findings with anti-BDNF in IL are consistent with the observation that pharmacological inactivation of IL impairs extinction of avoidance in this task [18] . Inactivation of IL also increased freezing during avoidance [18] , suggesting that IL may enable avoidance behavior by reducing freezing [41] . In the present study, however, reducing BDNF in IL delayed recall of extinction of avoidance without increasing freezing, consistent with an impairment in extinction-associated plasticity rather than a reduction in IL activity. The effect was seen only in the first trial block, suggesting that BDNF-mediated plasticity in IL facilitates initial recall of extinction learning. Perhaps a shorter or weaker extinction protocol may reveal a more marked extinction deficit by making recall of extinction more challenging.
The observed effects on extinction recall are only present during the second extinction session following sequestration of extracellular BDNF in IL or PL, or by knocking down BDNF production in the vHPC. In the case of BDNF sequestration in IL or PL, the animals are able to learn normally during the second extinction session because they are drug-free. In the case of the CRISPR-Cas9 experiment, the animals are able to compensate for the learning deficit because there is likely still some BDNF available for learning, as not all the vHPC neurons express the CRISPR-Cas9 (transfection is not 100%).
In contrast to previous findings showing that PL is not necessary for extinction of conditioned freezing [7, 14, 42] , we found here that BDNF mediated plasticity in PL is necessary for recall of extinction of avoidance the following day, thereby adding to PL's reported role in avoidance expression ( [18, 43] but see ref. [41] ). It is unlikely that the effect of anti-BDNF in PL is due to an unintended diffusion into neighboring IL, because infusing the same volume of anti-BDNF into PL or IL had differing effects on extinction of conditioned freezing [14] . Consistent with our PL findings, it was recently reported that pre-training lesions of PL impair extinction of lever-press active avoidance [43] , and extinction of avoidance in our task activates PL neurons projecting to ventral striatum (Martínez-Rivera et al., 2018 in press) [44] .
PL is thought to be critical for strategy switching and behavioral flexibility [45, 46] . PL neurons signal shifts in strategy, and PL is necessary for behavioral shifts in response to rule changes [47] [48] [49] [50] . In the platform-mediated avoidance task, extinction of avoidance can be seen as a rule change requiring a strategy shift in decision making from tone-triggered "gain of safety/loss of food", to tone-triggered "loss of safety/gain of food". Thus, unlike extinction of freezing, BDNF signaling in PL may be necessary for the plasticity associated with the switching of strategies in extinction of avoidance. PL BDNF-mediated plasticity may also enhance signaling in PL neurons projecting to IL [51] , further facilitating extinction learning.
In BA, BDNF is required for the extinction of conditioned freezing [12, 52] , and extinction training increases BDNF expression in BA [12, 14] . In contrast, we observed that extinction of avoidance did not increase BDNF expression in BA. Thus, unlike extinction of conditioned freezing, extinction of avoidance does not require BDNF production within the amygdala. The amygdala may receive BDNF from other inputs to mediate extinction of avoidance, or may not be involved in this type of extinction. Further experiments are needed to determine the role of BA BDNF in extinction of avoidance.
Neuronal activity patterns in MD have been associated with successful extinction of conditioned freezing. Tonic activity patterns in MD are associated with extinction success, and burst activity patterns are associated with extinction failure [53] . Furthermore, MD has been implicated in behavioral flexibility and strategy shifting [54] [55] [56] [57] [58] [59] . MD could therefore be involved in the reward/avoidance strategy switching inherent in the extinction phase of our task. We observed extinction-related increases in BDNF expression in MD, but not in MD neurons that project to IL or PL. If BDNF in MD is necessary for extinction of avoidance, it is likely being released at sites other than mPFC, such as the orbital cortex, agranular insular cortex, and dorsal anterior cingulate cortex [60] [61] [62] . In fact, the central zone of MD, where we observed increased BDNF, projects to both the ventral anterior insular cortex and lateral orbital cortex [62] .
Unlike in BA, BDNF in the vHPC was increased by extinction of avoidance and reducing BDNF production in vHPC impairs the recall of extinction of avoidance. Prior work has shown that BDNF in vHPC is required for the extinction of conditioned freezing [13, 63] . Furthermore, infusion of BDNF in vHPC induces extinction of freezing in the absence of training [29] and increases IL firing rate [14] . The projection from vHPC to medial prefrontal cortex is robust [64] , and we observed that extinction of avoidance increased BDNF in vHPC neurons that project to PL and IL. The vHPC is required for extinction of conditioned freezing [7] , and the projection from vHPC to PL has been shown to gate contextdependent expression of conditioned fear [65] [66] [67] and anxiety-like behavior [68] . During extinction of avoidance, hippocampal BDNF may be mediating plasticity required for setting the conditions under which avoidance is no longer advantageous. Our cumulative data strongly suggest that plasticity occurs in the hippocampal-prefrontal pathway to mediate behavioral change in extinction. One caveat, however, is that we did not directly test this connection. It is possible that some effects of knocking down hippocampal BDNF may have been mediated by projections to the BA. Further experiments are required to fully test these possibilities.
In PTSD, the pathway from the hippocampus to prefrontal cortex is deficient [69, 70] , and PTSD symptoms are correlated with decreased connectivity in the hippocampal-vmPFC pathway [69, 70] . There is also a correlation between the activation of fearassociated structures and the severity of avoidance symptoms in PTSD [71] . This suggests that elevated fear may promote persistent avoidance, an idea supported by recent studies in rodents [24, 26] . Persistent avoidance leads to psychosocial dysfunction and a reduction in the opportunities for spontaneously-occurring extinction of the traumatic memory [15] . Our results suggest that a disrupted hippocampalprefrontal pathway may be a common substrate for both excessive fear responses and persistent avoidance observed in PTSD. Increasing levels of BDNF in the hippocampus or PFC/ACC may repair or compensate for the structural deficits associated with PTSD, and increase plasticity required for extinction -based therapies that target fear and avoidance.
